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Intensity	Mapping		
e.g.	CHIME,	SPHEREx,	Tian-Lai,	HIRAX,	COMA	

Galaxy	Surveys	
e.g.	HSC,	DES,	LSST,	Euclid,	eROSITA,	WFirst	

CMB	
e.g.	Planck,	Advanced	ACTPol,	SPT-3G,	CMB-S4	

Motivation:	Mocks	of	LSS	Observations
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The	Peak	Patch	AlgorithmBackground
Cosmology	

+		
Simulation	
Geometry	

+	
Random		
“Seed”	

Halo	Catalog	
on		

Light	Cone	
or	

at	Fixed	Time
Alvarez	et	al.	(2016)

Exclusion & 
Displacement



Validation



Scale	Dependence	of	Accuracy:	
N-body	Comparison	with	same	ICs
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Dependence	on	Shape	of	Power	
Spectrum

150	Mpc/h		
z=2.9







Dependence	on	Shape	of	Power	
Spectrum

4.5	Mpc/h		
z=10.6







Applications



Gpc box — 10243 cells 
Wall clock ~ 3 mins each on 64 cores

z=0 with ~ 106 halos
Complete for Mhalo > 3 x 1012 Msun

~ 400 realizations

Computed correlation function and its covariance

Leveraging	Speed	&	Efficiency	of	Method:	
Halo	Clustering	Statistics



Correlation	Function	
in	

Lagrangian	Coordinates	











Exclusion	causes	ξ(s)—>	-1	as	s/RLag—>	0







Covariance	of	Correlation	Function	
in		

Lagrangian	&	Eulerian	Coordinates











The	BAO	Feature	in	Lagrangian	Space

Box	Size=1	Gpc		
N=10243	

Mean	of	400	Realizations
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Positive	Curvature:	
Overabundance		

of		
Negative	Extrema
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Positive	Curvature:	
Overabundance		

of		
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Positive	Curvature:	
Overabundance		

of		
Negative	Extrema

Negative	Curvature:	
Overabundance		

of		
Positive	Extrema
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Accurate	Biasing	Models	with	Peak-background	Split		

Require	Accurate	Measurements	of		

p(δ,∇2δ,…|Mhalo,dMhalo/dt,cNFW,shape,…)	

as	opposed	to,	e.g.		

<δ>(Mhalo)	



Local-type	Non-Gaussianity

Box	Size=2	Gpc		
N=10243	

fNL	=	-500,	-50,	-5,	0,	5,	50,	500		

Mean	of	800	Realizations	











Case	Study	of	Simulation	Pipeline:	
Full	Sky	Cluster	tSZ	Mocks

8 Gpc box — 40963 cells 
Wall clock ~ 10 mins each on 1024 cores

Full-sky Light Cone with ~ 6 x 107 halos
Complete to z < 1.3 and Mhalo > 3 x 1013 Msun

~ 500 maps produced total

Battaglia et al. (2012) universal pressure 
profile out to 4R200







0.00 < z < 1.25
8Gpc, 40963 Box
N = 6.5⇥106 tSZ
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Statistics	of	Cluster	tSZ	(y-map)	
Angular	Power	Spectrum



















Beyond	the	y-map	Power	Spectrum:		
Mocking	Cluster	Selection	&	Masking	

Separating	and	cross-correlating		
nearly-Gaussian	(2-halo)		

and		
highly	non-Gaussian	(1-halo)	

in	same	y-map



Planck	Catalog	of	SZ	Sources



Planck	Cluster	Selection	Function



What	Happens	if	we	Correlate		
Detected	Clusters		

with		
The	Rest	of	the	Map?



log10	Compton-y	parameter

Map	with	Selected	Clusters	Removed



log10	Compton-y	parameter

Location	of	Selected	Clusters



Cross-correlation	of		
PSZ2	selected-clusters	with	Compton	y-map	for		

Single	Map	chosen	at	Random



Redshift	Information	is	Lost	
but	Cross-correlation	Survives	for	l <	200



Using	Redshift	Information	to	Convert	Angle	
to	Distance	

Clustering	of	Clusters	&	Groups	

PSZ(redshift)		
x		

(PSZ	masked)	Planck	y-map



Redshift	bins	

Using	Redshift	Information	to	Convert	Angle	
to	Distance	

Clustering	of	Clusters	&	Groups	

PSZ(redshift)		
x		

(PSZ	masked)	Planck	y-map





Clustering	of	hot	electrons	in	galaxy	groups		
around	galaxy	clusters	is	should	be	

detectable	with	existing	data



Current	Full	Sky	Model



0.00 < z < 1.25
8Gpc, 40963 Box
N = 6.5⇥106 tSZ
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Battaglia	et	al.	(2012)	fits	for	Pressure	Profiles



0.00 < z < 1.25
8Gpc, 40963 Box
N = 6.5⇥106 kSZ
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Battaglia	et	al.	(2012)	fits	for	Gas	Density	Profiles



6 deg

Manera	et	al.	(2012)	CMASS	HOD	Model



0.00 < z < 1.25
8Gpc, 40963 Box
N = 232⇥106 CIB
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Shang	et	al.	(2012)	DSFG	HOD	+	Dust	SED	Model



the	Cosmic	Web	of	Galaxies, seen thru Cosmic HI Intensity 
Mapping, CHIME z=.8 to 2.5, 1024 channels via peak patch sims

CITA mini-industry  
Alvarez, Bond,, Stein, Bahmanyer, Battaglia,..Huang, Frolov2016

also	CIB	
maps	hence	
tSZxCIB			

also	galaxies	
via	HOD	for	
CMASS,	DES,	
LSST	mocks		

also	sphereX	
CHIME	

COMAmap	
mocks

only 2% of CIB i.e., nearby CIB (to 
z=1.3, in gps, cls) to target Xcorr tSZ

z=0.81, n =784.11, dn =0.39
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Berger	et	al.	Subgrid	+	MHI(Mhalo)	Model



CIB x tSZ
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0.00 < z < 1.25
8Gpc, 40963 Box
N = 9.9⇥106

Optical
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Exploring	non-Perturbative	(intermittent)	
non-Gaussianity
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Lightcone	Simula0on	of	Clusters	>	1.0x1013	Msun	to	z=1.3	in	projected	BBPS	pressure

the	Cosmic	Web	of	Clusters, seen thru Compton 
cooling of high pressure electrons by the CMB via peak patch sims

CITA mini-industry  
Alvarez, Bond,, Stein, Bahmanyer, Battaglia,,..2016

SIMs to characterize inhomogeneous tSZ map errors (eg in Planck15 y-map)  
scaled susceptibility of y to PV dN_cl - used BBPS, but key issue, measure in 
high res hydro sims, feedback dependent 

~10 minutes all-sky on 1024 cores on SciNet, aLatt=2Mpc, 500 sims ~83hrs => stats

also	CIB	
maps	hence	
tSZxCIB			

also	galaxies	
via	HOD	for	
CMASS,	DES,	
LSST	mocks		

also	sphereX	
CHIME	

COMAmap	
mocks

0.00 < z < 1.25
8Gpc, 40963 Box tSZ
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Lightcone	Simula0on	of	Clusters	>	1.0x1013	Msun	to	z=1.3	in	projected	BBPS	pressure

the	Cosmic	Web	of	Clusters, seen thru Compton 
cooling of high pressure electrons by the CMB via peak patch sims

CITA mini-industry  
Alvarez, Bond,, Stein, Bahmanyer, Battaglia,,..2016

SIMs to characterize inhomogeneous tSZ map errors (eg in Planck15 y-map)  
scaled susceptibility of y to PV dN_cl - used BBPS, but key issue, measure in 
high res hydro sims, feedback dependent 

~10 minutes all-sky on 1024 cores on SciNet, aLatt=2Mpc, 500 sims ~83hrs => stats

also	CIB	
maps	hence	
tSZxCIB			

also	galaxies	
via	HOD	for	
CMASS,	DES,	
LSST	mocks		

also	sphereX	
CHIME	

COMAmap	
mocks

0.00 < z < 1.25
8Gpc, 40963 Box tSZ

fNL Correlated �7.5 �7.0 �6.5 �6.0 �5.5 �5.0 �4.5 �4.0

log Compton-y
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Lightcone	Simula0on	of	Clusters	>	1.0x1013	Msun	to	z=1.3	in	projected	BBPS	pressure

the	Cosmic	Web	of	Clusters, seen thru Compton 
cooling of high pressure electrons by the CMB via peak patch sims

CITA mini-industry  
Alvarez, Bond,, Stein, Bahmanyer, Battaglia,,..2016

SIMs to characterize inhomogeneous tSZ map errors (eg in Planck15 y-map)  
scaled susceptibility of y to PV dN_cl - used BBPS, but key issue, measure in 
high res hydro sims, feedback dependent 

~10 minutes all-sky on 1024 cores on SciNet, aLatt=2Mpc, 500 sims ~83hrs => stats

also	CIB	
maps	hence	
tSZxCIB			

also	galaxies	
via	HOD	for	
CMASS,	DES,	
LSST	mocks		

also	sphereX	
CHIME	

COMAmap	
mocks

0.00 < z < 1.25
8Gpc, 40963 Box tSZ

Gaussian Spike �7.5 �7.0 �6.5 �6.0 �5.5 �5.0 �4.5 �4.0
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Lightcone	Simula0on	of	Clusters	>	1.0x1013	Msun	to	z=1.3	in	projected	BBPS	pressure

the	Cosmic	Web	of	Clusters, seen thru Compton 
cooling of high pressure electrons by the CMB via peak patch sims

CITA mini-industry  
Alvarez, Bond,, Stein, Bahmanyer, Battaglia,,..2016

SIMs to characterize inhomogeneous tSZ map errors (eg in Planck15 y-map)  
scaled susceptibility of y to PV dN_cl - used BBPS, but key issue, measure in 
high res hydro sims, feedback dependent 

~10 minutes all-sky on 1024 cores on SciNet, aLatt=2Mpc, 500 sims ~83hrs => stats

also	CIB	
maps	hence	
tSZxCIB			

also	galaxies	
via	HOD	for	
CMASS,	DES,	
LSST	mocks		

also	sphereX	
CHIME	

COMAmap	
mocks
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Lightcone	Simula0on	of	Clusters	>	1.0x1013	Msun	to	z=1.3	in	projected	BBPS	pressure

the	Cosmic	Web	of	Clusters, seen thru Compton 
cooling of high pressure electrons by the CMB via peak patch sims

CITA mini-industry  
Alvarez, Bond,, Stein, Bahmanyer, Battaglia,,..2016

SIMs to characterize inhomogeneous tSZ map errors (eg in Planck15 y-map)  
scaled susceptibility of y to PV dN_cl - used BBPS, but key issue, measure in 
high res hydro sims, feedback dependent 

~10 minutes all-sky on 1024 cores on SciNet, aLatt=2Mpc, 500 sims ~83hrs => stats

also	CIB	
maps	hence	
tSZxCIB			

also	galaxies	
via	HOD	for	
CMASS,	DES,	
LSST	mocks		

also	sphereX	
CHIME	

COMAmap	
mocks
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(TkSZ)2		
x		

Full	Sky	CMASS	HOD

0.00 < z < 1.25
8Gpc, 40963 Box
N = 6.5⇥106 kSZ
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(TkSZ)2	x	CMASS	HOD	(Preliminary)

0.00 < z < 1.25
8Gpc, 40963 Box
N = 6.5⇥106 kSZ
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Summary

Future	Directions

New	cosmological	surveys	require	simulations	with	fast,	accurate,	and	high	dynamic	ranges	

Our	parallel	implementation	of	ellipsoidal	peak	dynamics	reproduces	N-body	halo	masses	and	
positions	~1000	times	faster	and	allows	efficient	exploration	of	cosmological	theory	space	

Monte	Carlo	all-sky	realizations	of	tSZ	maps	and	shows	that	Clustering	of	Galaxies	is	easily	
detectable	with	current	data

Mocks	Tailored	to	Individual	Surveys	&	their	Cross-correlations:	
Optical,	CMB,	X-ray,	and	Hydrogen	and	CO/C	Intensity	Mapping	

Statistics	to	formalize	“what	is	an	LSS	anomaly?”	

Non-Gaussianity	(perturbative	and	not)	&	Modified	Gravity	
		

Much	improved	dynamics	over	(1/2)LPT	

Bug	us	to	Collaborate	on	Mocks!


